The existence and transfer of a haptic curvature aftereVect was investigated to obtain a greater insight into neural representation of shape. The haptic curvature aftereVect is the phenomenon whereby a Xat surface is judged concave if the preceding touched stimulus was convex and vice versa. Single Wngers were used to touch the subsequently presented stimuli. A substantial aftereVect was found when the adaptation surface and the test surface were touched by the same Wnger. Furthermore, a partial, but signiWcant transfer of the aftereVect was demonstrated between Wngers of the same hand and between Wngers of both the hands. These results provide evidence that curvature information is not only represented at a level that is directly connected to the mechanoreceptors of individual Wngers but is also represented at a stage in the somatosensory cortex shared by the Wngers of both the hands.
Introduction
The neural representation of haptic information can be investigated using diVerent approaches. The representation of object shape perceived with the Wngers has mainly been studied using neurophysiological tools. It has been found that especially slowly adapting type I (SAI) mechanoreceptors in the Wnger but also fast-adapting type I (FAI) receptors are sensitive to curvature (Goodwin et al. 1997; Jenmalm et al. 2003) . In order to perceive curvature, a combination of responses from a population of receptors is required (Goodwin and Wheat 2004) . This processing occurs along several stages up to at least the somatosensory cortex (SI) (Gardner and Kandel 2000) . Taking a neurophysiological approach is useful to uncover the pathways underlying curvature processing, but is less appropriate to establish the levels at which perceived curvature is essentially represented.
A psychophysical approach that has been successful in providing greater insight into the neural representation of perceived properties is the study of the aftereVect, and especially, the transfer of the aftereVect. In vision, for example, the Wnding of partial, interocular transfer of the motion aftereVect has been explained by the involvement of both monocular and binocular cells in the processing of motion information from the stimulus (Moulden 1980; Wade et al. 1993; Tao et al. 2003) . In a similar way, establishing the transfer characteristics of a haptic curvature aftereVect would provide insight into the representation of shape information. Finding aftereVect transfer between diVerent Wngers would indicate that curvature is represented at a level shared by these Wngers, whereas no transfer would imply that each Wnger has a separate representation of curvature.
A curvature aftereVect is the phenomenon whereby a Xat test surface feels concave following prolonged contact with a convex adaptation surface (see Fig. 1a ). Curvature aftereVects have been found for diVerent shapes and exploration modes. Gibson (1933) reported that a Xat cardboard edge felt concave after the prolonged dynamic exploration of a convex cardboard edge. Vogels et al. (1996) demonstrated the existence of an aftereVect when the whole hand was placed on spherically curved shapes. They performed extensive experiments to examine the characteristics of this static curvature aftereVect. They found a linear relationship between the magnitude of the aftereVect and the curvature of the adaptation stimulus. Furthermore, they showed that the magnitude of the aftereVect increased with the adaptation time up to about 10 s. Finally, they found a decrease of the aftereVect with an increase of the interstimulus interval. In a follow-up study, they showed that the aftereVect also existed for alternative exploration modes, like touching a stimulus with only the Wve Wngertips of the hand or performing small movements of the hand over the stimulus surface (Vogels et al. 1997) . Given the strength and consistency of these Wndings, we supposed that curvature aftereVects should also occur for alternative ways of touching, such as the situation in which curved surfaces are statically being touched with only a single Wngertip. However, this phenomenon has not yet been investigated, and consequently, any curvature aftereVect transfer between the Wngers also remains unexplored.
The purpose of the present study was to obtain a better understanding of the representation of haptically perceived shape information, by probing the transfer of the curvature aftereVect. In the Wrst experiment, we established the existence of an aftereVect when a curved surface is touched by a single Wnger and measured whether this aftereVect transferred to other Wngers of the same hand. The second experiment was set up to determine whether the aftereVect depended on the Wnger used. Finally, in the third and fourth experiments, we investigated the transfer of the aftereVect between Wngers of both hands.
Materials and methods

Subjects
A total number of 40 subjects participated [n = 8 for experiments 1, 2 and 4, n = 16 for experiment 3; 18 were male and 22 were female; the mean age was 22 years; 37 were right-handed, 3 were left-handed, according to a standard questionnaire (Coren 1993) ]. Subjects in experiments 1 and 2 received course credit for their participation. Subjects in the third and fourth experiments received monetary compensation.
Stimuli
The stimuli comprised of a compound of polyurethane foam and artiWcial resin (Cibatool BM 5460). A computercontrolled milling machine was used to produce cylinders with a Xat bottom and a spherically curved top. The top was either pointing outward (convex) or inward (concave). Both convex and concave adaptation stimuli were used, with curvature values of +36 and ¡36 m 
Procedure
A subject was seated behind a table. The preferred arm rested on a platform, which was 30 mm above the tabletop. Fig. 1 a Schematic overview of a haptic curvature aftereVect: when you Wrst touch a convex (concave) surface for some time, say 10 s, and subsequently touch a Xat surface, this latter surface feels concave (convex). b Schematic drawings of the cross-sections of a convex and a concave stimulus. The stimuli had a cylindrical shape with a spherical top (see illustration a). The distance from the bottom to the centre of the top (h) was consistently 30 mm. The diameter of the cylinders (d) was also 30 mm. c Examples of two psychometric curves. The circular data points and the Wt through these points results from adaptation to the convex adaptation stimulus. The PSE is represented by P V . The square data points and the Wt through these points result from adaptation to the concave adaptation stimulus. In this case, the PSE is represented by P C . The magnitude of the aftereVect (AE) is deWned as the diVerence between P V and P C In the third and fourth experiments, both arms rested on the platform. Only the Wngertips projected over the platform. The experimenter placed the stimulus underneath a Wngertip. A curtain prevented the subjects from seeing the stimulus. During a trial, the tip of one Wnger was placed on an adaptation stimulus for 10 s. Subsequently, the subject placed a Wnger on a test stimulus and had to judge whether this test stimulus felt convex or concave. Subjects were not allowed to move the Wnger over the stimulus surface, and the experimenter checked for this. No instructions were given on the force to contact the stimulus, nor was it measured. No feedback was provided on the response. Three conditions were measured in the Wrst experiment. In all conditions, the adaptation stimulus was touched with the index Wnger. In one condition, the test stimulus was also touched with the index Wnger. In the other two conditions, the test stimulus was touched with the middle Wnger or the little Wnger of the same hand, respectively. Each condition consisted of 10 repetitions of a group of 18 trials (two adaptation stimuli £ nine test stimuli) with trials randomized within a group. One complete condition was measured in a single session of about one and a half hours. The separate sessions were spread over diVerent days. The order in which the conditions were conducted was counterbalanced for the Wrst six subjects and randomly chosen for the last two subjects.
In the second experiment, both the adaptation and the test stimuli were touched by the middle Wnger. In the third and fourth experiments, the adaptation stimulus was contacted by the index Wnger of the preferred hand; the test stimuli were touched with the index Wnger (third experiment) or middle Wnger (fourth experiment) of the non-preferred hand.
Analysis
The data for each subject and each condition were analyzed separately for the convex and the concave adaptation stimuli. The percentage of "convex" responses was plotted against the curvature of the test stimulus. The point of subjective equality (PSE) was determined by Wtting a psychometric function (cumulative Gaussian) to the data. The PSE represents the curvature value that in 50% of the test cases was judged "convex" and in 50% of the cases was judged "concave". The magnitude of the aftereVect is deWned as the diVerence between the PSE resulting from the adaptation to a convex surface and the PSE resulting from the adaptation to a concave surface. Examples of psychometric curves for a convex and a concave adaptation are given in Fig. 1c .
Results
The mean results for the aftereVect values are shown in Fig. 2 . The error bars indicate the standard errors of the mean.
Experiment 1
We tested the occurrence of an aftereVect in each condition by performing separate one-tailed t tests. A signiWcant result was obtained in all conditions (t 7 = 6.3, P < 0.001 for the index Wnger; t 7 = 9.8, P < 0.001 for the middle Wnger; t 7 = 3.4, P = 0.006 for the little Wnger). Subsequently, an ANOVA with a repeated measures design was performed Fig. 2 Mean results of the aftereVect. The indicated error bars are the standard error in the mean for each condition. Experiment 1: eight subjects participated. Adaptation was performed by the index Wnger of the preferred hand. Testing was done using the index Wnger, middle Wnger, or little Wnger of the same hand. Experiment 2: eight subjects participated. Adaptation and testing was performed by the middle Wnger of the preferred hand. Experiment 3: sixteen subjects participated. Adaptation was performed by the index Wnger of the preferred hand; testing was done by the opposite index Wnger. Experiment 4: eight subjects participated. Adaptation was performed by the index Wnger of the preferred hand; testing was done by the middle Wnger of the non-preferred hand to determine any diVerences between conditions. A signiWcant main eVect was found (F 2,14 = 22.5, P < 0.001). Pairwise comparisons showed a signiWcant diVerence between the index Wnger and the middle Wnger (P = 0.007) and between the index Wnger and the little Wnger (P = 0.004), but not between the middle Wnger and the little Wnger (P = 1.0). The P values were adjusted with a Bonferroni correction.
Experiment 2
A one-tailed t test showed that there was a signiWcant aftereVect (t 7 = 8.0, P < 0.001). Inspection of Fig. 2 shows that the aftereVect of the middle Wnger condition of the second experiment was comparable to the index Wnger condition of the Wrst experiment and was much higher than the middle Wnger condition of the Wrst experiment. Independent samples t test conWrmed that there was no signiWcant diVerence in the Wrst case (t 14 = 0.6, P = 0.6), but that there was a signiWcant diVerence in the second case (t 7.4 = 6.1, P < 0.001).
Experiment 3
A one-tailed t test highlighted a signiWcant aftereVect (t 15 = 2.7, P = 0.009). The magnitude of this aftereVect was much lower than for the index Wnger condition of the Wrst experiment. This was conWrmed by an independent sample t test (t 22 = 5.0, P < 0.001).
Experiment 4
A signiWcant aftereVect was obtained, as was conWrmed by a one-tailed t test (t 7 = 7.4, P < 0.001).
Discussion
The Wrst novel observation of this paper is that the perception of surface curvature by a single Wngertip is inXuenced by preceding contact of this Wnger with another curved surface. The magnitude of this curvature aftereVect did not depend on the Wnger employed, as shown by a comparison between the results of the Wrst and the second experiment. Previously, Vogels et al. (1996 Vogels et al. ( , 1997 reported the existence of a static curvature aftereVect, when the whole hand was used. We suppose that our Wnding of a one-Wnger aftereVect falls in the same class of phenomena. A quantitative comparison between the results of Vogels et al. (1996) and our Wnding can be made by calculating the relative magnitude of the aftereVect, i.e. the aftereVect divided by the diVerence between the adaptation stimuli. This value equals 0.17 § 0.02 for the results of Vogels et al., whereas it was 0.15 § 0.07 for the index Wnger condition of the Wrst experiment and 0.17 § 0.06 for the middle Wnger condition of the second experiment, respectively. These values are in the same order of magnitude, irrespective of the diVerences in manner of touching and curvature range of the stimuli. The second important Wnding of our study is that the aftereVect partially transfers between Wngers of the same hand. This means that the sensation of shape with a certain Wnger inXuences the perception of a shape touched by another Wnger. This suggests that the sensations obtained by the diVerent Wngers share a common representation. However, the transfer is far from complete, indicating that curvature perception by each Wnger also yields a substantial, individual part in the representation. Interestingly, the aftereVect does not only transfer from the index Wnger to the neighboring middle Wnger, but also to the distant little Wnger. This result is unlike recently performed localization (Schweizer et al. 2000) and learning studies (Sathian and Zangaladze 1997; Harris et al. 2001) , in which the reported transfer eVects were obtained in the neighboring Wnger, but not in the distant Wngers. This indicates that the processes involved in detecting the Wnger that is stimulated or increasing the skills to discriminate punctate pressure or roughness are quite diVerent from those concerned in shape perception of an object.
The third interesting result of this study is that there was a small, but signiWcant transfer of the aftereVect between Wngers of both hands, irrespective of whether opposite Wngers (experiment 3) or diVerent Wngers (experiment 4) were employed. This result is diVerent from the result reported by Vogels et al. 1997 , who did not Wnd intermanual transfer. However, in their experiments, whole hands were involved, whereas only single Wngertips were used in our experiment. Moreover, their conclusion was based on the performance of only 2 subjects, whereas 24 participants provided the data for our study. The results of the third and fourth experiments suggest that the representation of shape information obtained with one hand is not completely distinct from the representation of shape information received by the other hand, but shares a common, bilateral component.
How can our Wndings be interpreted in the context of neurophysiological literature? Firstly, our Wnding that the aftereVect only transfers partially between Wngers of the same hand shows that a substantial part of the processing occurs at a stage where each Wnger is individually represented. On this stage, which spreads from the mechanoreceptors in the Wngers up to area 3b in SI, no overlap occurs in signals from the slowly adapting receptors and the fastadapting receptors (Gardner and Kandel 2000) . Slowly adapting receptors respond with a sustained discharge when the Wnger is in contact with a surface, whereas fast-adapting receptors only respond at the onset and removal phase of the Wnger (Johansson and Vallbo 1983) . Vogels et al. (1996) showed that the magnitude of their curvature aftereVect increased with an increase in adaptation time. These Wndings point to an important role for the slowly adapting receptors in the curvature aftereVect. Therefore, we suggest that the aftereVect at the stage related to an individual Wnger mainly originates from the processing of the slowly adapting receptors. Secondly, the fact that we found a transfer between the Wngers of the same hand implies that a signiWcant part of the processing of curvature information occurs at a level shared by the diVerent Wngers. In physiological terms, this indicates that at least area 1 or 2 of SI are involved, as receptive Welds in these areas cover several Wngers of a single hand (Gardner and Kandel 2000) , but processing may also occur at an even higher stage. Thirdly, our Wnding of an intermanual transfer shows that the processing of curvature information also takes place on a higher, bilateral level. We can only speculate on the neural correlates of this bilateral processing. Possible candidates include area 2 of SI, areas 5 and 7 of the posterior parietal cortex, and the secondary somatosensory cortex (Iwamura 2000; Gardner and Kandel 2000) .
It is interesting to mention that the aftereVects in the intramanual transfer conditions (experiment 1) and the intermanual transfer conditions (experiment 3 and 4) are similar in magnitude. This suggests that no important curvature processing occurs at a level that is devoted to a single hand, but that all processing takes place at a higher stage. The similar results for experiments 3 and 4 provide further support that the hands and Wngers are not somatotopically represented at this stage. From a previous study, it is known that subjects also performed similarly in intramanual and intermanual curvature discrimination tasks, but that higher performance was obtained when only a single Wnger was employed (Van der Horst and Kappers 2007) . The analogy between that study and the current study is that curvature information is mainly represented at the level of the individual Wnger, but partly available at a higher, Wngerand hand-independent level. We should be careful in ascribing a speciWc function to the involvement of the higher level areas in the processing of curvature information. The role of more cognitive aspects should not be excluded, since it is known that processes like tactile attention (Burton and Sinclair 2000; Spence and Gallace 2007) , working memory (Burton and Sinclair 2000) , and object recognition (Reed et al. 2004 ) also engage the somatosensory areas.
The aftereVect that we found in the present study is a similar phenomenon as the aftereVect that was previously reported by Vogels et al. (1996 Vogels et al. ( , 1997 . However, this does not entail that the representation of curvature is identical for touching with a single Wnger or with the whole hand. Vogels et al. (1997) already showed that, although similar aftereVects were found when either the whole hand or only the Wve Wngertips were used, only a small transfer between these exploration modes was obtained, which points to a limited overlap in representation. Similarly, we suppose that there is a diVerence in representation between curvature that is perceived by a single Wnger and curvature that is perceived by the whole hand. In the single Wnger case, the representation is mainly at the level of the individual Wnger, whereas in the whole hand case, the representation is spread over all Wngers and the palm of the hand.
This study shows that establishing the intramanual and intermanual transfer of the aftereVect is a useful tool in obtaining more insight into the representation of object properties as perceived by the Wngers. In general, studying aftereVect transfer is attractive, because it enables a connection between psychophysics and neurophysiology. The convergence of these approaches leads to a better understanding of human perception.
